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The  common  strategy  to  address  the  low  electronic  conductivity  of  LiFeP04  is  to  downsize  LiFeP04  and  to 
coat  the  nanocrystal  with  conductive  carbon  film.  The  major  issues  with  existing  carbon  coating  tech¬ 
niques  are  thickness  and  quality  control.  This  paper  reports  a  facile  carbon  coating  method  which  can 
provide  ultrathin,  uniform  and  fully  encapsulating  carbon  coating  on  LiFeP04.  This  coating  method 
capitalizes  on  the  redox  chemistry  of  surface  Fe3+  on  solvothermally  synthesized  LiFeP04  nanocrystal,  to 
deposit  uniform  thin  films  of  polydopamine  films.  The  polymer  film  is  easily  carbonized  into  ultrathin 
carbon  film.  The  carbon  coated  LiFeP04  exhibits  very  high  rate  performance  (143  mAh  g-1  at  current 
density  of  1700  mA  g-1)  with  excellent  capacity  retention. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Cost,  safety  and  environmental  considerations  have  determined 
that  conventional  LiCo02-based  lithium  ion  batteries  are  not  quite 
suitable  for  large-scale  applications  such  as  electric  vehicles  and 
grid  energy  storage.  Such  considerations  are  better  met  by  olivine 
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structured  phosphates  LiMP04  (where  M  =  Fe,  Mn,  Co  and  Ni)  [1 
7].  Among  the  phospho-olivines  LiFeP04  has  the  longest  history  of 
research  and  is  hence  the  most  developed.  LiFeP04  has  a  flat  voltage 
plateau  at  3.4  V  vs  Li+/Li  and  a  high  theoretical  specific  capacity  of 
170  mAh  g-1.  [1  ]  Although  the  attainable  specific  energy  density  of 
LiFeP04  is  only  marginally  higher  than  that  of  LiCo02,  LiFeP04 
provides  exceptional  safety,  nontoxicity,  and  cycle  stability.  The 
major  deficiency  of  LiFeP04  is  the  low  intrinsic  electronic  and  ionic 
conductivities  common  to  all  phospho-olivines,  which  severely 
limit  its  performance  in  power-oriented  applications  [2,3]. 
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Two  strategies  are  commonly  used  to  improve  the  power  per¬ 
formance  of  LiFeP04.  One  is  to  downsize  crystalline  LiFeP04  to  the 
nanoscale  for  shorter  electron  and  Li+  diffusion  lengths  and 
consequently  faster  transport  in  the  solid  state  [7-9  .  The  other  is 
to  modify  the  nanocrystal  surface  with  an  electron  conductor, 
commonly  a  carbon  film,  to  reduce  the  external  electrical  resistance 
[1,2,10-16].  These  two  strategies  are  commonly  used  in  tandem  to 
maximize  performance  [17,18].  Most  carbon  coatings  derived  from 
a  carbonaceous  precursor  lack  good  uniformity.  The  conductivity  of 
the  carbon  coating  can  be  improved  by  graphitization  at  high 
temperature.  The  heat  treatment,  however,  introduces  the  side 
effect  of  increasing  crystallite  size.  The  two  strategies  can  therefore 
be  mutually  compensating  resulting  in  the  trade-off  between 
crystal  size  reduction  and  carbon  conductivity  increase  [10,19,20]. 
Therefore,  the  development  of  a  low  temperature  method  which 
can  fully  and  uniformly  encapsulate  the  LiFeP04  nanocrystals  with 
a  high  conductivity  coating  is  of  great  practical  significance.  The 
coating  thickness  should  be  as  thin  as  possible  to  reduce  the 
resistance  to  Li+  diffusion  through  the  coating. 

This  report  presents  here  a  facile  coating  method  which  can 
produce  an  ultrathin,  uniform  and  fully  encapsulating  carbon 
coating  on  LiFeP04  nanocrystals.  The  coating  method  capitalizes  on 
the  redox  chemistry  of  Fe3+,  which  are  present  on  the  surface  of 
solvothermally  synthesized  LiFeP04  nanocrystals,  to  deposit  a  uni¬ 
form  thin  film  of  carbon  precursor  by  the  oxidative  polymerization 
of  an  aromatic  amine.  The  oxidizing  Fe3+  is  formed  by  the  low 
temperature  solvothermal  synthesis  to  compensate  for  the  lithium 
deficiency  in  LiFePC^  nanocrystals  [21,22].  There  is  also  accumula¬ 
tion  of  Fe3+  in  the  surface  region  due  to  the  ease  of  Fe2+  oxidation 
when  LiFeP04  is  exposed  to  atmospheric  O2  [23,24].  Dopamine 
(DOPA),  a  naturally  occurring  compound  with  catechol  and  amine 
moieties  which  confer  it  with  extremely  strong  adhesive  properties, 
was  selected  as  the  aromatic  monomer  [25-30  .  Dopamine  has  been 
used  as  a  carbon  source  for  lithium  ion  battery  anode  materials 
before  [31,32].  The  procedure  involves  the  base-catalysed  poly¬ 
merization  of  dopamine  with  an  external  oxidizer  followed  by 
product  separation  and  waste  disposal.  Reaction  conditions  have  to 
be  carefully  controlled  to  achieve  uniform  deposition  of  the  poly¬ 
merized  film.  By  comparison  the  surface  polymerization  reported 
here  is  simple,  spontaneous,  and  without  the  need  for  external  ox¬ 
idizers  or  separation.  The  in-situ  generated  polymer  film  on  the 
crystallite  surface  is  also  highly  uniform  in  thickness  and  surface 
coverage.  Scheme  1  shows  that  the  presence  of  Fe3+  on  the  LiFePC^ 
nanocrystal  surface  is  central  to  this  simple  and  yet  effective  carbon 
coating  method,  which  uses  the  high  oxidation  power  of  Fe3+ 
(<p(Fe3+/2+)  =  0.771  V  vs.  SITE  [33  )  to  bring  about  the  in-situ  poly¬ 
merization  of  adsorbed  DOPA  to  polydopamine  (PDA)  on  the  LiFeP04 
nanocrystals.  The  catechol  groups  bound  strongly  to  the  LiFeP04 
surface  to  form  a  uniform,  strongly  adherent  and  fully  encapsulating 
thin  DOPA  film.  There  was  no  need  for  extraneous  chemicals  such  as 


base  buffer  and  oxidizer.  The  PDA  layer  on  the  nanocrystal  surface 
was  then  pyrolysed  at  high  temperature  into  a  carbon  film.  LiFeP04 
recrystallization  was  suppressed  by  the  carbon  encapsulation  to 
retain  the  nanoscale  advantage  of  LiFeP04.  It  is  worth  noting  that  the 
plenitude  of  phenyl  rings  in  PDA  is  conducive  to  the  formation  of 
highly  graphitized  sp2  domains  by  calcination.  The  presence  of  ni¬ 
trogen  atoms  in  the  carbon  film  could  further  increase  the  film 
conductivity  [34,35].  Most  importantly  the  oxidative  surface  also 
provided  film  thickness  control  since  thickness  could  not  grow 
beyond  a  monolayer  coverage  due  to  the  self-limiting  nature  of  the 
polymerization  process.  Consequently  the  coating  was  ultra-thin 
(1-2  nm  thick)  amounting  to  around  1  wt.%  of  carbon  in  the 
LiFeP04/C  composite.  The  carbon  content  is  lower  than  all  previously 
reported  LiFeP04/C  composites  [18,36-38  .  Since  carbon  in  the 
cathode  is  electrochemically  inactive  and  its  low  density  can 
decrease  the  overall  volumetric  energy  density,  a  low  carbon  content 
in  the  LiFeP04/C  composite  is  a  desired  material  specification. 
Consequently  the  synthesized  core-shell  LiFeP04/C  nanocomposite 
displayed  excellent  power  capability,  delivering  84%  (143  mAh  g_1) 
of  the  theoretical  capacity  even  at  a  high  10  C  rate  (C  =  170  mA  g_1 ). 
This  coating  method  is  therefore  effective  for  increasing  the  per¬ 
formance  of  LiFeP04. 

2.  Experimental  section 

2.1.  Synthesis  of  LiFeP04  nanoparticles 

LFP  nanoparticles  were  synthesized  by  the  solvothermal 
method  published  by  Nan  et  al.  with  some  modifications.  [21] 
27  mmol  LiOFTF^O  was  first  dissolved  in  20  ml  ethylene  glycol.  A 
mixture  of  10  mmol  H3PO4  and  5  ml  ethylene  glycol  was  introduced 
drop-wise  to  the  LiOH  solution  with  stirring.  A  white  colloid  was 
formed  from  the  neutralization  reaction.  A  solution  containing 
10  mmol  FeS04  -7H20  in  15  ml  ethylene  glycol  was  then  added  to 
the  colloid  in  a  drop-wise  manner.  A  dark  green  colloid  was  formed 
and  was  allowed  to  stir  for  1  h.  The  mixture  was  transferred  to  a 
Teflon-lined  autoclave  and  heated  at  180  °C  for  10  h.  Upon  cooling 
to  room  temperature,  the  solid  product  was  recovered  by  centri¬ 
fugation  and  washed  successively  with  ethanol  and  water  thrice  in 
the  centrifuge. 

2.2.  In-situ  DOPA  polymerization 

111.57  mg  dopamine  hydrochloride  (~10  wt.%  of  synthesized 
LiFeP04)  was  added  to  a  50  ml  dispersion  of  the  LiFeP04  nano¬ 
crystals  in  H2O.  The  mixture  was  ultrasonicated  for  1  h.  The  dark 
purple  LiFeP04/PDA  precipitate  was  removed  from  the  solution  by 
vacuum  filtration  and  allowed  to  dry  in  an  80  °C  oven  for  2  h.  The 
dried  LiFePC^/PDA  composite  was  then  calcined  at  650  °C  for  3  h  in 
Ar  to  form  LiFeP04/C. 


Electronically  conductive 
carbon  layer 


r 

.iFePO, 

M 

Scheme  1.  Schematic  illustrations  of:  (a)  adsorbed  dopamine  molecules  on  LiFeP04  nanocrystal  surface;  (b)  in-situ  polymerization  of  dopamine  by  surface  Fe3+  ions  into  a  pol¬ 
ydopamine  shell  on  LiFeP04  nanocrystal;  (c)  the  thin  carbon  shell  on  LiFeP04  nanocrystal. 
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2.3.  Materials  characterization 

The  phase  purity  of  LiFePCH/C  was  determined  by  XRD  on  a 
Bruker  D8  advance  X-ray  diffractometer  with  Cu  Ka  radiation 

o 

(1.5405  A).  Morphology  examinations  were  based  on  field 
emission  scanning  electron  microscopy  (FESEM)  (on  a  JEOL  JSM- 
6700F)  and  field  emission  transmission  electron  microscopy 
(FETEM)  (on  a  JEOL  2100F).  The  carbon  content  in  LiFePO^C  was 
determined  by  thermal  gravimetric  analysis  (TGA)  in  the  tern- 


121  The  small  plate-like  nanocrystals  had  a  large  exposed  surface 
where  oxidation  could  occur  in  air.  The  XPS  spectrum  in  Fig.  lc 
shows  the  Fe  oxidation  states  on  the  nanocrystal  surface.  The 
relative  high  intensity  of  the  Fe3+  signal  indicates  that  the  LiFeP04 
nanocrystal  surface  was  enriched  with  Fe3+.  The  Fe3+-rich  surface 
could  then  provide  the  oxidizing  power  needed  to  initiate  DOPA 
polymerization.  Consequently  the  adsorption  of  DOPA  (<p  ~  0.2  V 
vs.  SHE)  [39]  was  immediately  followed  by  the  polymerization  of 
DOPA  on  the  LiFeP04  surface: 


surface ( Fe3+ +e~  ^Fe2+,  cp  =  0.771  V) 

LiFeP04  +  DOPA - - - - - >  (LiFeP04)core(PDA)shell 

polymerization 


perature  range  20  °C-800  °C  on  a  Shimadzu  DTG-60H.  X-ray 
photoelectron  spectroscopy  (XPS)  was  performed  on  a  VG 
ESCALAB  MKII  spectrometer  operating  at  25  kV.  Binding  energies 
were  corrected  using  284.0  eV  for  the  Cls  peak  as  reference.  A 
JASCO  FTIR-Q250  spectrometer  was  used  to  record  the  infrared 
absorption  spectrum  of  LiFeP04/C  in  the  4000-400  cm-1  spec¬ 
tral  region  (2  cm-1  resolution  and  50  scans).  The  KBr  pellet 
method  (1  wt.%  sample  and  99  wt.%  KBr)  was  used  for  IR  sample 
preparation. 

2.4.  Electrochemical  measurements 

An  electrode  slurry  was  prepared  by  mixing  LiFePCH/C,  poly(- 
vinylidene  fluoride)  (PVdF)  and  Super-P  in  a  8:1 :1  weight  ratio  in  N- 
methylpyrrolidone  (NMP)  and  stirring  vigorously  for  16  h.  The 
resultant  slurry  was  applied  to  an  Al  foil  to  an  areal  density  of 
~3  mg  cm-2.  The  counter  and  reference  electrode  was  a  lithium 
metal  foil  and  the  separator  was  a  Celgard  2400  membrane.  The 
electrolyte  was  a  1  M  LiPF6  in  a  mixture  of  ethylene  carbonate  (EC), 
dimethyl  carbonate  (DMC)  and  diethyl  carbonate  (DEC)  (1:1:1  vol./ 
vol.).  The  electrodes  were  assembled  into  a  Swagelok  cell  in  an  Ar- 
filled  glove  box.  Galvanostatic  charging  and  discharging  of  the 
batteries  was  carried  out  on  a  Neware  BTS-5V-10  mA  battery  tester, 
and  cyclic  voltammetry  was  performed  on  a  pAutolab  type  III 
electrochemical  workstation. 

3.  Results  and  discussion 

The  LiFePCH  in  this  study  was  prepared  by  solvothermal  syn¬ 
thesis.  In  the  preparation  LiOHH20,  H3P04  and  FeS04-7H20  were 
dissolved  separately  in  ethylene  glycol.  The  mixing  of  LiOH  H20 
and  H3PO4  formed  a  colloidal  Li3P04  solution  which  could  more 
effectively  control  the  precipitation  of  Fe3(P04)2  xH20  in  the  next 
sequence  of  FeS04-7H20  solution  addition.  Due  to  the  solubility 
difference  between  Li3P04  (Ksp  =  3.2  x  1CT9)  and  Fe3(P04)2  xH20 
(Ksp  =  l  x  1CT32),  this  particular  sequence  of  solution  mixing 
avoided  the  fast  precipitation  of  Fe3(P04)2  xH20  by  regulating  the 
release  of  PO^  from  Li3PC>4;  and  suppressed  excessive  crystal 
growth  and  agglomeration.  The  precipitation  of  Fe3(P04)2  xH20 
was  allowed  to  complete  in  1  h  with  stirring,  which  also  introduced 
some  Fe2+  oxidation.  The  Fe3(P04)2  xH20  formed  as  such  provided 
the  nucleation  sites  for  the  crystal  growth  of  LiFePCH  under  sol¬ 
vothermal  conditions. 

Fig.  1  shows  that  the  solvothermally  synthesized  LiFePCH 
nanocrystals  had  a  plate-like  morphology  and  about  30  nm  in 
thickness.  The  higher  viscosity  of  ethylene  glycol,  as  compared  with 
solvents  such  as  water  or  ethanol,  could  slow  the  diffusion  of  ionic 
reactants  in  solution  and  consequently  restrained  crystal  growth. 


Some  of  the  surface  Fe3+  was  simultaneously  reduced  to  Fe2+, 
and  the  Li+  which  were  de-intercalated  from  LiFePCH  during 
exposure  to  air  were  re-intercalated  for  charge  balance.  According 
to  the  generally  accepted  mechanism  of  oxidative  polymerization 
of  DOPA,  the  catechol  group  in  DOPA  was  first  oxidized  to  quinone 
and  then  polymerization  occurred  [25,28].  The  extent  of  DOPA 
polymerization  on  the  surface  was  therefore  controlled  by  the 
amount  of  Li+  available  for  charge  balance.  The  amount  of  Li+  that 
can  be  de-intercalated  by  oxidation  in  air  has  been  determined  by 
Martin  et  al.  to  be  2.3  mol%  using  a  LiFeP04/C  sample  synthesized 
by  the  solid-state  reaction.  [24]  Since  the  nanocrystals  here  were 
smaller  than  those  in  the  Martin  study,  the  amount  of  de- 
intercalated  Li+  should  be  larger  than  2.3  mol%.  Since  DOPA  was 
used  in  excess  during  the  synthesis,  all  de-intercalated  Li+  were 
expected  to  be  completely  re-intercalated.  The  TGA  results  in  Fig.  2 
indicates  that  3.2  mol  %  of  DOPA  was  polymerized  on  the  LiFeP04 
nanocrystal  surface,  corresponding  to  6.4  mol%  of  de-intercalated 
Li+.  For  the  polymerization  reaction  the  LiFeP04  nanocrystals 
were  dispersed  well  in  water  before  the  addition  of  DOPA.  The 
LiFeP04  colloid  was  stabilized  by  the  small  nanocrystal  size  and  the 
hydrophilic  character  of  the  LiFeP04  surface.  There  were  visual  cues 
of  immediate  polymerization  right  after  the  addition  of  DOPA  to  the 
LiFeP04  colloid  -  an  instantaneous  change  of  the  colloid  color  from 
dark  green  to  purple;  and  the  progressive  darkening  of  the  colloidal 
solution  color  with  time  indicative  of  the  increasing  extent  of 
polymerization. 

The  presence  of  a  PDA  shell  was  confirmed  by  Fourier  transform 
infrared  spectroscopy  (FTIR).  A  typical  FTIR  spectrum  of  the 
LiFeP04/PDA  composite  is  shown  in  Fig.  3a,  where  the  absorption 
peaks  at  3400  cm-1  and  1640-1480  cm-1  correspond  well  with  the 
characteristics  of  the  catechol  -OH  groups  and  the  phenyl  rings  of 
the  PDA  shell  respectively  [5,40,41].  The  strong  absorption  from 
1200  to  800  cm-1  was  due  to  the  P04“  groups  of  LiFeP04  [42  .  The 
low  intensities  of  the  absorption  peaks  associated  with  PDA 
compared  with  LiFeP04  indicate  that  the  PDA  loading  in  the  com¬ 
posite  was  low.  The  thin  PDA  shell  was  clearly  visible  in  the  TEM 
images  (Fig.  3b-d).  The  coating  layer  was  very  thin  and  uniform  on 
each  nanocrystal.  The  coating  thickness  as  determined  from  Fig.  3c 
and  d  varied  from  2  to  3  nm.  This  thin  PDA  shell  was  later  converted 
to  an  ultrathin  carbon  shell  after  the  high  temperature  treatment. 

The  XRD  pattern  in  Fig.  4a  of  LiFeP04/C  after  heat  treatment  at 
650  °C  shows  only  the  diffraction  peaks  of  LiFePCH,  indicating  high 
phase  purity  of  the  product.  The  rod-like  nanocrystals  had  an 
average  diameter  of  30-50  nm  and  an  average  length  of  60- 
100  nm.  The  SEM  and  TEM  images  in  Fig.  3b  and  c  indicate  that 
despite  the  high  temperature  treatment,  the  nanocrystals  were  still 
well  separated  without  aggregation  or  coalescence.  This  could  be 
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Binding  energy  /  eV 

Fig.  1.  Characterizations  of  the  solvothermally  synthesized  LiFeP04  nanocrystals:  (a) 
TEM  and  (b)  HRTEM  images  (c)  XPS  spectrum.  Scale  bars:  (a)  50  nm;  (b)  30  nm. 


credited  to  the  presence  of  the  uniform  carbon  surface  coating, 
which  inhibited  nanocrystal  sintering.  Not  only  was  the  nanoscale 
advantage  of  the  Li+  storage  host  preserved,  the  electrical  inte¬ 
gration  of  the  nanocrystals  with  one  another  and  with  the  con¬ 
ductivity  agent  was  also  made  more  effective  through  the 
encapsulating  carbon  coating.  This  can  significantly  reduce  the 
electron  transport  resistance  between  particles  to  support  high- 
power  applications.  Fig.  4d  and  e  shows  that  the  carbon  shell  was 
uniform  all  over  the  nanocrystal  surface,  with  a  shell  thickness  as 
thin  as  1-2  nm.  This  uniform  carbon  layer  ensured  that  all  LiFeP04 
nanocrystals  were  surface  conductive,  while  the  thinness  of  the 
thickness  assured  minimum  resistance  to  the  diffusion  of  Li+  across 
the  coating.  The  nitrogen  atoms  from  PDA  were  also  incorporated  in 
the  carbon  layer  to  reap  the  benefits  of  carbon  nitrogenation  which 
could  lead  to  further  conductivity  increases  (See  Fig.  5).  The 


Temperature  /  °C 


Fig.  2.  TGA  curves  of  LiFeP04/PDA  and  LiFeP04/C.  Bare  LiFeP04  will  gain  5  wt.%  upon 
heating  to  200-500,  thus  a  bare  8-10%  lithium  deficient  Lii_xFeP04  would  gain  around 
4.5  wt.%  upon  heating.  Therefore  the  estimated  carbon  amount  in  LiFeP04/C  is  around 
1  wt.%.  The  estimated  PDA  amount  in  LiFeP04/C  is  around  3.2  wt.%.  The  loss  of  weights 
of  both  LiFeP04/PDA  and  LiFeP04/C  are  suspected  to  be  caused  by  the  decomposition  of 
lithium  deficient  Lii_xFeP04. 


nitrogen  content  in  the  carbon  coating  incorporated  as  such  was 
~  7.4  wt%  and  it  contained  both  pyrrolic  and  pyridinic  nitrogen.  The 
quality  of  carbon  was  measured  by  Raman  spectroscopy  (Fig.  6). 
The  resulting  7d//g  ratio  was  0.7,  suggesting  a  good  high  degree  of 
graphitization.  The  amount  of  carbon  in  LiFePCH/C  composite  as 
determined  by  thermal  gravimetric  analysis  (See  Fig.  2)  was  only 
1  wt.%.  Since  the  carbon  in  the  LiFeP04/C  composite  is  electro- 
chemically  inactive,  the  minimization  of  carbon  content  can 
contribute  to  a  higher  overall  specific  energy  density  of  the 
composite. 

However,  despite  the  reduction  of  Fe3+  to  Fe2+  at  the  LiFePCH 
nanocrystal  surface  by  DOPA  polymerization,  a  significant  amount 
of  Fe3+  was  still  present,  as  shown  by  the  Fe  XPS  spectrum  in  Fig.  7. 
This  result  also  suggests  that  only  a  small  amount  of  surface  Fe3+ 
was  consumed  in  DOPA  polymerization.  The  presence  of  surface 
Fe3+  in  LiFeP04  indicates  that  there  was  a  substantial  amount  of 
lithium  vacancy  in  the  nanocrystals.  This  inference  was  verified  by 
the  measurement  of  the  columbic  efficiency  (CE)  of  the  first  charge 
and  discharge  cycle.  The  columbic  efficiency,  which  is  the  ratio  of 
Li+  inserted  into  FeP04  (in  the  discharge  process)  to  the  Li+ 
extracted  from  LiFeP04  (in  the  charge  process),  was  higher  than 
100%  in  the  first  cycle.  This  was  only  possible  with  an  as-prepared 
Li+-deficient  host  material.  The  first  cycle  CE  in  Fig.  8  suggests  that 
there  were  about  8-14  mol%  of  lithium  deficiencies  in  the  LiFeP04 
nanocrystals. 

The  electrochemical  performance  of  LiFePCH/C  was  evaluated  in 
half  cells  using  lithium  metal  as  the  counter  cum  reference  elec¬ 
trode.  Fig.  9  shows  the  cyclic  voltammograms  (CV)  in  the  2.5-4.5  V 
potential  range  for  the  first  five  cycles  at  0.1  mV  s-1.  The  two  redox 
peaks  at  3.2  V  and  3.6  V  correspond  well  with  Li+  intercalation/de¬ 
intercalation  reactions  coupled  with  the  Fe2+/Fe3+  redox.  Good 
symmetry  between  the  oxidation  and  reduction  peaks  was 
observed  as  well  as  close  to  unity  peak  current  ratio  and  low  peak 
potential  separation.  Collectively  these  are  indications  of  the  good 
reversibility  of  the  Li+  intercalation/de-intercalation  reactions.  It 
should  be  noted  that  the  first  cycle  voltammograms  was  substan¬ 
tially  different  from  the  other  4  cycles.  The  first  cycle  oxidation 
exhibited  an  asymmetric  peak,  probably  caused  by  the  concentra¬ 
tion  difference  between  the  Fe3+  on  the  nanocrystal  surface  and 
Fe3+  in  the  nanocrystal  bulk.  The  CV  features  stabilized  after  the 
first  5  cycles.  Such  behaviour  is  typical  of  “electrode  conditioning” 
which  may  be  attributed  to  various  activation  effects  [43,44  .  The 
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Fig.  3.  Characterizations  of  PDA-coated  LiFeP04:  (a)  FTIR  spectrum;  (b)  TEM  image;  (c)  and  (d)  HRTEM  images.  The  PDA  shell  was  uniformly  coated  on  the  nanocrystal  surface  to  a 
shell  thickness  of  2-3  nm.  Scale  bars:  (b)  50  nm;  (c)  and  (d)  20  nm. 


Fig.  4.  Characterizations  of  carbon-coated  LiFeP04  nanocrystals:  (a)  XRD  pattern;  (b)  SEM  image;  (c)  TEM  image;  (d)  and  (e)  HRTEM  images.  The  thickness  of  the  uniformly  coated 
carbon  shell  on  LiFeP04  nanocrystals  was  about  1-2  nm.  Scale  bars:  (b)  100  nm;  (c)  50  nm;  (d)  and  (e)  5  nm. 
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Binding  Energy  /  eV 

Fig.  5.  N(ls)  XPS  spectrum  of  LiFeP04/C,  the  peak  located  at  398  eV  corresponds  to 
pyridinic  nitrogen,  and  peak  located  at  400  eV  corresponds  to  pyrrolic  nitrogen. 


Fig.  6.  Raman  spectrum  of  LiFeP04/C. 


LiFeP04/C  composite  was  then  evaluated  for  its  rate  performance 
and  cycle  stability.  Fig.  10a  shows  that  discharge  capacities  of  the 
LiFeP04/C  composite  at  different  C  rates.  A  high  capacity  of 
165  mAh  g_1,  or  96.5%  of  the  theoretical  capacity  of  LFP,  was  ob¬ 
tained  at  0.5  C.  Even  at  a  high  discharge  rate  of  10  C,  a  remarkable 
specific  capacity  of  143  mAh  g-1  (or  84%  of  theoretical  capacity) 
was  still  possible  with  very  low  polarization  of  the  discharge 
curves,  which  is  a  clear  indication  of  the  high  rate  performance  of 
the  composite. 


Binding  Energy  /  eV 
Fig.  7.  Fe  2p  spectrum  of  LiFeP04/C. 
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Fig.  10.  Electrochemical  performance  of  LiFeP04/C:  (a)  rate  capability;  (b)  cycle 
stability. 
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Fig.  11.  Comparison  of  rate  performance  with  recently  published  high  rate  LiFeP04  and 
commercial  LiFeP04. 

The  cyclability  of  the  LiFeP04/C  composite  at  2  C  is  shown  in 
Fig.  10b.  Prior  to  the  measurements  the  cells  were  conditioned  by 
cycling  at  0.5  C  for  5  cycles.  The  composite  displayed  very  good 
stability  with  no  capacity  loss,  and  columbic  efficiencies  greater 
than  99.8%  for  75  cycles.  The  contributions  of  the  uniform  and  fully 
encapsulating  carbon  coating  on  each  nanocrystal  to  the  revers¬ 
ibility  of  Li+  intercalation/de-intercalation  and  consequently  ca¬ 
pacity  retention  were  corroborated  by  these  measurements.  The 
capacity  of  the  LiFeP04/C  composite  as  shown  in  Fig.  11  clearly 
demonstrates  the  exceptional  power  capability  of  the  ultrathin 
carbon-coated  LiFeP04/C  synthesized  here.  Given  that  the  amount 
of  carbon  in  the  composite  synthesized  as  such  is  extremely  low, 
this  synthesis  method  should  be  of  strong  interest  to  real 
applications. 

4.  Conclusions 

In  summary,  an  expeditious  method  of  using  dopamine  as  car¬ 
bon  precursor  to  impart  good  surface  conductivity  to  LiFeP04 
nanocrystals  is  presented  here.  The  in-situ  polymerization  of 
adsorbed  dopamine  to  polydopamine  only  makes  use  of  the 
indigenous  Fe3+  ions  on  the  LiFeP04  surface  without  the  need  for 
extraneous  chemicals.  The  self-limiting  polymerization  forms  a 
thin  and  continuous  deposit  on  the  LiFeP04  nanocrystals,  which  is 
then  converted  into  a  highly  graphitized,  N-doped  carbon  coating 
by  high  temperature  calcination.  The  presence  of  the  polydop¬ 
amine  coating  is  found  to  be  effective  in  inhibiting  crystal  growth 
during  calcination.  The  LiFeP04/C  composite  synthesized  as  such  is 
found  to  exhibit  excellent  rate  capability  and  cycle  stability.  The 
exceptional  electrochemical  performance  could  be  attributed  to  the 
contributions  from  the  ultrathin  and  uniform  carbon  shell  on 
nanocrystalline  LiFeP04  to  the  increase  in  electronic  and  ionic 
conductivities  without  mutually  compensating  effects. 
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